ROCKET ENGINE NOZZLE COMPRISING A JET SEPARATION 
CONTROL SYSTEM 



The subject of the present invention is a 
rocket engine nozzle, exhibiting a jet separation 
control system, for example a device for injecting 
fluid through a wall of the nozzle, so as to induce jet 
separation in the gases ejected by the nozzle. 

An important point in the design of a launcher 
is the optimization of the performance of its engines. 
In particular, the nozzle must be designed so as to 
yield a maximum thrust coefficient compatible with the 
limits imposed by the other constraints. 

The thrust coefficient C of a nozzle is an 
increasing function of the ratio of the exit area Ae of 
the nozzle to the area At of the throat of the nozzle. 

For an upper stage, which is ignited outside 
the atmosphere, the static pressure of the jet at the 
exit of the nozzle may be very low. The area ratio 
R = Ae/At of the nozzle is in this case essentially 
limited by the space available. 

On the other hand, when the nozzle operates 
within the atmosphere, the gases which exit the nozzle 
cannot expand to below a limit pressure Psep, at which 
a separation of flow in the nozzle occurs 
spontaneously. 

This jet separation is naturally unstable and 
generates considerable aerodynamic forces at the moment 
of ignition and during the initial atmospheric flight, 
which may even lead to the destruction of the nozzle if 
the jet separation is too considerable. 

As far as engines which are designed to operate 
right from the ground and to accomplish the major part 
of their mission outside the atmosphere are concerned, 
the determination of the ratio Ae/At represents a 
difficult compromise. 

Numerous devices have been proposed for 
controlling jet separation in nozzles. 
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An up-to-date review of this topic has appeared 
in particular in the article entitled Advanced Rocket 
Nozzles by Gerald Hagemann et al . , published in the 
Journal o.f Propulsion and Power, vol. 14 No. 5, 
5 September-October 1998, pages 620 to 634. 

This deals in particular with "dual-bell" 
nozzles, nozzles with fixed or temporary inserts, 
two-position or extendible nozzles, external expansion 
nozzles, so-called expansion/deflection nozzles, 
10 nozzles exhibiting a variable throat area, and finally 
dual-mode nozzles. 

The control of jet separation in a nozzle with 
the aid of secondary injection of gas has also been 
proposed, but this secondary injection has the effect 
15 of preserving axial symmetry of the flow. This 
technique is recalled in point 4, page 626 of the 
aforesaid article . 

Experiments carried out on an RLIO engine and 
implementing passive injection are described in the 
20 article entitled "Altitude Compensating Nozzle 
Evaluation" by R.C. PARSLEY et al., published in the 
proceedings of the 28^^ Joint Propulsion Conference and 
Exhibit, 6 to 8 July 1992, Nashville, Tennessee, 
pages 1 to 6. 

25 Finally, American patent US 3 925 982 {Martin 

Marietta Corporation) describes a rocket engine 
exhibiting a high nozzle area ratio and which is 
equipped with a device for active secondary injection 
exhibiting a shock generating ring which is intended to 

30 control jet separation, by forcing the boundary layer 
of the primary gas jet to separate uniformly from the 
wall of the nozzle. 

This is achieved with the aid of a large number 
of injection points which are distributed around the 

35 circumference of the nozzle . These in j ection points are 
clos ely spaced, and they inject a secondary gas j'gl:-^ 
radial lyana^irnsrarrd-l-y of the nozzle so as to effect jet 
separation which is invariant with any rotation about 
the axis of the nozzle. 
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Alternatively, this jet separation can be 
achieved via a continuous slot extending over the 
entire circumference of the nozzle. 

The theory of jet separation has been recalled 
in the recent article by G.L. ROMINE entitled "Nozzle 
Flow Separation" published in the AIAA Journal, 
vol. 36, No. 9, Sept. 1998, pp. 1618-1625. 

The theory of secondary injection has been set 
out in the article entitled "Some aspects of gaseous 
secondary injection with application to thrust vector 
control" by R.D. GUHSE et al . , published in proceedings 
No. 71-7 5 0 of the AIAA/SAE 7^^ Propulsion Joint 
Specialist Conference of Salt Lake City, 14-18 June 
1971, pages 1 to 8. 

The known techniques of secondary injection, 
which involve jet separation exhibiting axial symmetry, 
that is to say which is invariant about any rotation 
about the axis of the nozzle, exhibit the following 
problems : 

- active secondary injection is difficult to 
implement, given that the mass flux which is required 
for effective generation of axial symmetric jet 
separation is high; 

- passive secondary injection which implements 
ventilation of the nozzle is operational only within a 
limited range of differential pressure, which implies 
that in order to obtain a nozzle which operates at all 
altitudes, its porosity must be continuously variable 
as a function of external pressure and of the 
operational parameters of the engine, this being hardly 
compatible with the nozzle construction constraints. 

One of the drawbacks of secondary injections 
with axial symmetry, such as for example that described 
in the aforesaid American patent, is that under certain 
engine operating • conditions, the jet separation 
commences at a random point on the injection ring, and 
whose position, which depends on the upstream 
disturbances, is unstable. 




An object of the invention is to propose a 
separation control system, especially through secondary 
injection which avoids such instability. 

Another object of the invention is to reduce 
the unsteady loads applied to nozzles and hence to 
reduce the necessary mechanical strength of the nozzles 
and the engine mountings, thereby making it possible to 
reduce their mass. 

Another object of the invention is to allow the 
installation on rocket engines used right from the 
ground, of nozzles with a higher expansion ratio and 
hence to enable an overall improvement in the 
performance of these engines . 

Another object of the invention is to minimize 
the total secondary injection flux required to obtain 
stable separation. 

Another object of the invention is to control 
the separation of the jet during ignition of the engine 
on the ground. 

Another object of the invention is to be able 
to facilitate the control of jet separation as a 
function of altitude. 

At least one of the af oresaid^c>te5^cts of the 
present invention is achieved thrpjd-^n a rocket engine 
nozzle comprising a systepv^-'^or controlling jet 
separation, wherein saicix^ontrol system exhibits a 
plurality of separatip'ii triggering elements arranged in 
such a way as^^P^o generate, from mutually spaced 
initiation pp^mts, distinct zones of jet separation, so 
as to^f^^^rta three-dimensional separation of the flow. 

According to a first variant, the invention 
relates to an ejection nozzle for a rocket engine 
exhibiting a device for injecting fluid through a wall 
of the nozzle, so as to induce jet separation in the 
gases ejected by the nozzle, in which the control 
system is a fluid-injection device which exhibits in at 
least one injection cr oss section perpendicul ar to th e 
ax is of J: . h^ nozzle, at least two independent injection 
orifices distributed over the perimeter of the wall of 



the nozzle, each injection orifice constituting a said 
separation triggering element inducing a said distinct 
zone of jet separation. 

According to the invention, each separation 
triggering element, for example each * in j ection orifice 
initiates and maintains locally the separation of the 
jet, thereby remedying the aforesaid instability. This 
arrangement is essentially different from that which is 
described in the aforesaid American patent, for which 
the injection ori fices are tightly distribu ted over the^ 
perimeter of the nozzle so as to generate a flow 
separation which is invariant with any rotation of the 
axis of the nozzle, and which operates in a manner 
equivalent to that of a ring exhibiting a continuous 
slot .extending over the entire circumference of the 
nozzle - 

It is advantageous for the injection orifices, 
for example two in number or else three in number, to 
be uniformly distributed over the perime"^ter ot the wall 
of the nozzle. This makes it possible to avoid to a 
large extent the occurrence of transverse forces 
applied to the nozzle. 

Said injection cross section is advantageously 
arranged at a distance D from the throat of the nozzle 
which is substantially less than the distance Do of 
spontaneous separation of the jet. 

Said nozzle cross section is preferably chosen 
at a level where the static pressure P of the jet is 
substantially greater than the natural separation 
pressure of the jet Psep, for example P = 2 Psep. 

An injection device can exhibit a plurality of 
injection cross sections situated at different 
distances from the throat, and a distributing device 
for feeding one or other of the injection cross 
sections, in such a way as to take into account, in a 
manner known per se, the variation as a function of 
altitude of the cross section where a so-called 
spontaneous separation of the jet occurs. 
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According to an embodiment making it possible 
to control jet separation during ignition of the engine 
on the ground, the flow control system exhibits an 
external . stabilizing device integral with a 
ground-based installation and which exhibits, on the 
one hand, a number N(N > 2) of injection tubes {for 
example parallel to the axis of the nozzle) each of 
which constitutes a said separation triggering element, 
and which are distributed, preferably downstream of the 
nozzle, in such a way as to direct in counter-current 
to the main stream of the nozzle stabilizing fluid jets 
toward N impact points situated downstream of the 
throat of the nozzle, and on the other hand, a device 
for feeding the injection tubes so as to feed them with 
fluid for a predetermined transient duration of 
ignition before takeoff, with a flow rate which is 
sufficient for each impact point to induce a different 
zone of jet separation of the nozzle. 

The injection tubes are preferably arranged at 
the outlet of the nozzle exit. 

The injection points of the ijT^ector of the 
external stabilizing device are r>r^erably uniformly 
distributed over the perimete^^ of the wall of the 
nozzle. They are advantageously two in number 
(diametrically opposed) cxf three in number (distributed 
at around 120° over tk^ perimeter of the nozzle). 

Other characteristics and advantages of the 
invention will become more apparent on reading the 
description which will follow, given by way of 
non-limiting example in conjunction with the drawings 
herein appended, in which: 

- Figure 1 represents a device for implementing 
the present invention; and 

- Figure 2 represents an additional device 
according to the present invention which is implemented 
during engine start-up. 

As shown in Figure 1, a nozzle, designated by 
the general label 1, exhibits a combustion chamber 2, a 
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throat 3, and a divergent nozzle body 4 which 

terminates in an exit cross section 8 . 

Over the perimeter of the divergent portion 4 

of the nozzle, and in a cross section 7 situated in a 

plane, perpendicular to the axis of the nozzle, where 

the static pressure P of the jet is substantially 

greater than the noZ'Z±e — sepa^a-tion pressure Psep, are 

arranged injection/orifices 5 able to direct radially 

inward a jet of a. fluid, for/ example the combustion 

f 

ga-ses^originating from the turbopumps of the engine. 

Th^eAflow separation which is genera>^ by these 
orifices brjdoes not exhibit a>^ial symme,ferry, but on the 
contr'a-ry it is three-dimensionaV . Thj^-^is because each 
of the injection points 5, repre\e^fted here as three in 
number and distributed uniforpErfy* at 120° around the 
contour of the body 4 of tj>6 nozzle, induces a region 
of separation 6 of the st;?eam exiting the nozzle. Owing 
to the determination a limited Vnumber of injection 

points 5 which indu^ an equal number of separation 
regions 6, the position of the ooints of initial 
separation is ^r^ot indeterminate and this makes it 
sible to SQ^ve the problem of instability. 

Furthermore, by reason uniform 

distribution of the injection xiedrnts 5 /around the 



^ )around 

circumference of the nozzl$,^-b^od^ 4 in the^plane 7, the 
resultant of the laj:^rfa^ forces which a^re exerted on 
the nozzle an5i---'^ich , in the prior art\is unstable, 
remains ^^it^se to the axis of the nozzle. 

The cross section in which the i\njection is 
carried out is chosen in such a way as\ to be of 
slightly smaller area than that of the cross \section at 
which spontaneous stream separation would be apt to 
occur at low altitude. \y 

The device described makes it possible to 
obtain three-dimensional separation exhibit:dng a 
plurality of separated regions 6 which may pkss4-bl.i^ 
remerge downstream toward the exit 8 of the noTzTe~r 

In theory, the^jjjLKn±5e'r of injection points 
could be equal to,,,-^nlst 2 so as to make it pos.s.ibl-e'^o 
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maintain a symmetric thpa-^x f or the nozzle. The number 
of three inj ecti^n'-'^oints 5 seems however to be a 
preferable Qi*<5xce in order to avoid accidental 
separations^ of half the nozzle which could arise on 
igniJ>2ron , 

Moreover, a higher number thap^^tliree injection 
points may be envisaged, but thj^«^aoes not afford any 
appreciable advantage. In ar^y^vent, the number and the 
spacing of the in j ecti^Br^^oints must be chosen in such 
a way as to avoid^^^ny continuity of jet separation, 
which would anyxJnt in fact to the operating conditions 
equivalent^^To that of a uniform ring (see the aforesaid 
Americ.&tfpatent US 3 925 982) . 

The manner of operation of the invention can be 
explained as follows: 

The gases which are generated in the 
high-pressure combustion chamber 2 are, after passing 
through the throat 3, subjected to an expansion in the 
ejection nozzle 4 and the static pressure decreases at 
the same time as the jet is directed toward the exit 8 
of the nozzle. 

When a rocket engine operates at the static 
pressure which prevails at sea level, and without 
implementing secondary injection, as soon as the static 
pressure of the jet approaches the normal pressure for 
separation, the jet in the nozzle is apt to separate 
spontaneously, but such separation is unstable and 
occurs in a random place of a cross section of the body 
of the nozzle 4, possibly creating appreciable unsteady 
forces . 

The injection orifices 5 /which direct a 
secondary stream radially inward according to the 
invention create an obstacle t^er the main jet locally, 
thereby creating an arc-shap^ra shock wave in respect of 
the incident supersonic T^^. This arc-shaped shock zone 
interacts with the bouf^dary layer, in which it creates 
an increase in pres,fimre just upstream of the injection 
point 5 , therej>^ inducing local separation of the 
boundary layer^t the points 9. Given that the boundary 
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layer was already under conditf'lons umder which it was 
near to spontaneous separation, the jet of -the nozzle 
cannot reattach itself to tme wall of the body 4 and 
the separation of the bouimary layer spreads so as to 
adopt for each injection point 5 a conical 
configuration as shown/ by the dashed drawing of the 
separation regions 6 / in Figure 1 . The vertex of the 
cones 6 is constituted by the points 9 of initiation of 
jet separation. The three injection points 5 create, 
starting from /the initiation points 9, three 
substantially identical cones 6 which are apt to 
remerge downsti^aiu so as to form an entirely separated 
jet at the exit 8 of the nozzle. 




jet separations occur are imposed gepm^rically by the 
position of the three injection ^p<5ints 5, the symmetry 
of revolution is broken andi Jefie points 9 of initiation 
of the separation are ^ar^able over time. The shocks 
which are created du^^o the separation of the boundary 
layer relative the wall of the body 4 also remain 

localized apd*^^ the residual vibrations due to these 
shocks of low amplitude, as are the residual 

unst9^ray forces. 

Furtheirmore, , the injected flux which is 
required for achieving separation according to the 
invention is in principle smaller than in the case of 
secondary injection with axial symmetry of the prior 
art- This is because such an injection of the prior art 
implements a large number of orifices along a circular 
cross section of the nozzle. The separation of the jet 
requires locally at each of these numerous orifices the 
same minimum flow rate as each of the few orifices used 
according to the present invention . In the present 
invention, separation, which is achieved only onward of 
the localized points of initiation 9, tends thereafter 
to self -propagate along the periphery of the nozzle 
along with the widening and merging of the cones 6. 

The process according to the invention is 
particularly beneficial in respect of engines 
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exhibiting a gas generator. Such an engine exhibits 
turbopumps which discharge hot gases at a pressure 
greater than atmospheric pressure. The Vulcain engine 
is of this type. The gases from the turbine of the 
5 Vulcain 1 engine are expelled from the engine. In the 
Vulcain 2 engine, pipelines are already installed for 
reinjecting the turbine exit gases into the divergent 
portion 4 with a uniform distribution along a cros s 
section of the nozzle, so as to cool the divergent 
10 portion, but nevertheless without achieving control of 
jet separation. 
j^^^^Z-^ These gases can be^r-eitfj ected at a few points 
^.-^^'only into the diver^^frtfSody 4 of the nozzle to achieve 
jet separatioij.^-a'ccording to the invention. 

present invention can be adapted t^0<the 
engine with minimal modifi 
to modify the injection r>itg so that it 




20 



exhibits for example three inject: 



points 5 instead 



of a uniform distribution ofx<Ifnj ection . Furthermore, 
the divergent portion 4 ot^y^hQ nozzle, which currently 
exhibits for the Vulca^^r 2 engine an area ratio R equal 
to 60 for a specifirc impulse of 433 seconds, could be 



replaced with 



divergent portion exhibiting an area 



ratio R of^^he order of 140. The film-based cooling 
25 f unction^x^ould be replaced with radiative cooling, by 
virtu^e of a carbon/carbon nozzle extension known per 



For the Vulcain 2 engine, the value of^J»^ep is 
of the order of 0.22 bar and the recomnu&rrd^ location 
30 for siting the points of inject^©^ 5 is the cross 
section for which the pressj^jre is equal to 0.4 bar. 
This corresponds to a !^£t€h number of 4 and an area 
ratio R of around^^^6. The location is not very 
different from J^^fie current location of the injection 
35 ring. The aa^cipated increase in the specific impulse 
is of J>he order of 12 seconds. 

With altitude, the location of the source cross 
section where natural jet separation occurs migrates 
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progressively ^ downstream as the external pressure 
described decreases . 

Furthermore, outside the atmosphere, secondary- 
injection exhibits no benefit, and even penalizes the 
performance of the engine. 

A minimal procedure is to deactivate secondary 
injection when the rocket leaves the atmosphere. In the 
Vulcain 2 engine, it is sufficient to add a valve which 
switches from a local injection mode to a distributed 
mode (film-based cooling). 

Another solution is to arraji^re^ different 
injection points 5 which are actjU^^nfed in succession in 
such a way as to optimi^^^-tlie operation of the nozzle 
at each instant . ^^^^^'^olut ion of this type has already 
been propose^L^-^Gut for injection at continuous rings by 
the afo^^^-^ald patent US 3 925 982. 

The ignition of the engine constitutes a tricky 
phase during which pressure transients are apt to 
exist. It is therefore desirable to minimize the 
considerable asymmetries of pressure which are apt to 
occur and which are apt to engender a high level of 
stress in the nozzle. The theoretically least favorable 
case is that for which the jet of the nozzle is 
momentarily entirely attached to the wall over one half 
of the nozzle and entirely separated over the other 
half thereof. 

Owing to the violence of the unsteady 
fluctuations in the flows during start-up of a rocket 
engine, it is preferable, during this start-up, to use 
another embodiment which will be described hereinbelow. 

Indeed, it is possible to solve the problem 
with injection of a control fluid during the very short 
start-up time of the engine, which is of the order of a 
second. The point of impact of the injected fluid is 
close to the throat 3 of the nozzle, for example a 
distance of the order of 0.1 Dl from the throat 3, Dl 
designating the length of the body of the nozzle 4, 
given that the pressure of the chamber is lower than 
when the engine is at full throttle. 
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Finally, given that the jet is not organized, 
the stabilizing of the system requires a massive 
injection of fluid. 

The device for stabilisation on blast-off is 
presented in Figure 2. It ca/ be used independently 
or otherwise of the jet /separation device. It 
implements a plurality of in/ection tubes 10 parallel 
or otherwise to the axis ol the nozzle and arranged 
downstream of the nozzle eicit 8 and directed toward 
impact points 12. These tuiSes 10 propagate fluid jets 
11 in counter-current to trte main stream, the points of 
impact 12 of these jets being situated slightly 
downstream of the throat i of the nozzle, for example a 
distance from the throat 3 equal to 0.1 Dl . These 
points of impact 12 distributed uniformly at one and 
the same distance from/ the throat 3 of the nozzle 
produce a similar effofct to that of the injection 
points 5, with the difference however that the fluid, 
for example liquid nitribgen, which is projected creates 
a separation at each point of impact 12 through a mass 
entrainment effect along the boundary layer. The points 
of separation of the/ hot gases of the jet from the 
nozzle are stable by/ reason of the existence of the 
impact points 12, It is advantageous to effect this 
injection with /liquid nitrogen, since the 
counter-current injection rate may be very high (for 
example 30 kg/s fdr each injection point for the 
Vulcain 2 engine) during the short instant which proves 
to be necessary. Furthermore, the liquid nitrogen is 
transformed into qfes when it encounters the hot gases 
originating from the combustion chamber 12, which means 
that the mass fl/ix thus added artificially helps to 
reduce the phenorj^enon of spontaneous separation. Once 
full thrust has t>een established, the nitrogen jet no 
longer penetratei into the body of the nozzle and it no 
longer has an iryfluence on the operation of the engine. 
The stabilizing/ device is a ground-based device which 
is generally arranged downstream of the exit 8 of the 
nozzle and whicfri requires no modification of the engine 
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or of the launcher .^^x^ is apt to be used with nozzles 
which do or do /fiot exhibit an injection device as 
represented iij/Figure 1. 

The invention is not limited to the exemplary 
embodiments described. In particular, jet separation 
could be initiated for example onward of a plurality of 
retractable inserts made of refractory material 
introduced radially into the wall of the nozzle. 



